Intraflagellar transport (IFT) is a bidirectional transport process that occurs along primary cilia and specialized sensory cilia, such as photoreceptor outersegments. Genes coding for various IFT components are associated with ciliopathies. Mutations in IFT172 lead to diseases ranging from isolated retinal degeneration to severe syndromic ciliopathies. In this study, we created a mouse model of IFT172-associated retinal degeneration to investigate the ocular disease mechanism. We found that depletion of IFT172 in rod photoreceptors leads to a rapid degeneration of the retina, with severely reduced electroretinography responses by one month and complete outer-nuclear layer degeneration by two months. We investigated molecular mechanisms of degeneration and show that IFT172 protein reduction leads to mislocalization of specific photoreceptor outer-segments proteins (RHO, RP1, IFT139), aberrant light-driven translocation of alpha transducin and altered localization of gliomaassociated oncogene family member 1 (GLI1). This murine model recapitulates the retinal phenotype seen in patients with IFT172-associated blindness and can be used for in vivo testing of ciliopathy therapies.
Abstract
Intraflagellar transport (IFT) is a bidirectional transport process that occurs along primary cilia and specialized sensory cilia, such as photoreceptor outersegments. Genes coding for various IFT components are associated with ciliopathies. Mutations in IFT172 lead to diseases ranging from isolated retinal degeneration to severe syndromic ciliopathies. In this study, we created a mouse model of IFT172-associated retinal degeneration to investigate the ocular disease mechanism. We found that depletion of IFT172 in rod photoreceptors leads to a rapid degeneration of the retina, with severely reduced electroretinography responses by one month and complete outer-nuclear layer degeneration by two months. We investigated molecular mechanisms of degeneration and show that IFT172 protein reduction leads to mislocalization of specific photoreceptor outer-segments proteins (RHO, RP1, IFT139), aberrant light-driven translocation of alpha transducin and altered localization of gliomaassociated oncogene family member 1 (GLI1). This murine model recapitulates the retinal phenotype seen in patients with IFT172-associated blindness and can be used for in vivo testing of ciliopathy therapies.
INTRODUCTION
Primary cilia are non-motile microtubule-based organelles that are present in the majority of vertebrate cell types. They are involved in cellular signaling that is crucial for the development and functioning of most organs (1) . Mutations in genes coding for ciliary proteins lead to ciliopathies, rare genetic disorders that may affect the retina, brain, olfactory epithelium, heart, liver, kidney, bone, gonads and adipose tissues, in isolation or as part of specific syndromes (2) (3) (4) .
Vision loss is a common feature of ciliopathies because the photoreceptor outersegment (OS) is a highly specialized sensory cilium that is critical for phototransduction (5) (6) (7) .
The assembly and maintenance of the cilium requires intraflagellar transport (IFT), the bidirectional protein trafficking that occurs along the axoneme that is necessary for the growth and maintenance of the cilium (8) . IFT is dependent on two large protein complexes: IFT-B is responsible for anterograde transport to the ciliary tip and IFT-A is responsible for retrograde transport and return of materials to the basal region (9) . Mutations in many of these IFT components, including IFT172, have been associated with disease (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
IFT172 is a peripheral IFT-B complex protein that is thought to mediate the transition from anterograde to retrograde transport at the tip of the cilium (22) (23) (24) .
Therefore, even though it is associated with the anterograde machinery, its temperature sensitive mutants in Chlamydomonas display phenotypes typical of retrograde proteins, including elongation of the cilium (24, 25) . Elongation of the cilium was also observed in cultured fibroblasts obtained from patients with IFT172 associated disease (10) . In contrast, node cells of mouse embryos harboring a homozygous p.Leu1564Pro mutation in Ift172 (wim mutants) lacked all cilia (26) . Mice homozygous for loss of function Ift172 alleles wim and slb, or the hypomorphic avc1 allele, die in utero or at birth respectively (26) (27) (28) , therefore photoreceptor degeneration in a murine Ift172 model has not been described to date. However, homozygous ift172 zebrafish mutants have abnormal photoreceptor development, where photoreceptor cilia fail to extend, in addition to severe multi-systemic defects (29, 30) .
Given IFT172's role in the retinal disease, we created rod photoreceptor-specific Ift172 knock-out mice by crossing mice that have a conditional Ift172 allele (31) with mice that express Cre driven by the Rhodopsin promoter (32) . We generated and validated an IFT172-specific antibody, which allowed us to monitor reduction of the IFT172 protein, and to demonstrate that depletion of IFT172 in the mouse retina causes a rapid retinal degeneration. We also show that decreasing levels of IFT172 lead to aberrant localization of specific proteins.
RESULTS

Targeted disruption of Ift172 in rod photoreceptors leads to Ift172 protein depletion
A rod photoreceptor-specific Ift172 knock-out mouse was generated by crossing mice carrying a conditional knock-out allele (Ift172 fl ) (31) with transgenic mice harbouring Cre recombinase under a Rhodopsin promoter (iCre) (32) ( Figure   1A ). Expression of iCre in the Ift172 knockout mouse (Ift172 fl/fl /iCre) was specific to the outer nuclear layer (ONL) and expressed in the majority of the rod photoreceptors at postnatal day 25 (PN25) ( Figure 1B) . iCre is necessary for generating the Ift172 knock-out allele (Ift172 fl iCre) and as a consequence for depletion of the IFT172 protein. Therefore, the time-course of IFT172 protein depletion was monitored by immunostaining of mouse retinas with a specific anti-IFT172 antibody, developed to the C-terminus of the protein ( Figure 1C ).
Complete depletion of the IFT172 protein in rod photoreceptors was observed at PN28 ( Figure 1D ).
IFT172 deficient mouse retinas degenerate rapidly
Retinas of the Ift172 fl/fl iCre mice showed thinning of the ONL at one month and complete degeneration of the ONL by two months, whereas age-matched littermate controls did not show this phenotype (Figure 2A -C, Supplementary   Figure 1 ). Electroretinography (ERG) testing concordantly demonstrated that at one month Ift172 fl/fl iCre mice showed a significantly reduced (84% reduction) roddriven b-wave amplitude (32.3 µV ±12 µV) compared to the wild-type controls (196.9 µV ±12 µV). Mixed rod/cone and cone-isolated responses were reduced by half at the same age, indicating a secondary cone degeneration ( Figure 2D ).
By two months of age, the ERG was undetectable in Ift172 fl/fl iCre mice across the stimulus conditions ( Figure 2D ). Mice homozygous for the floxed allele (Ift172 fl/fl ) or heterozygous retina specific knock-out mice (Ift172 wt/fl iCre) were followed up to 6 months and maintained normal retinal function and structure ( Figure 2D , Supplementary Figure 1 ).
Ultrastructural analyses of the retina in the Ift172 fl/fl iCre mice showed no signs of photoreceptor degeneration at PN21 ( Figure 3 ). However, at PN25, shortening of the OS was observed, and at PN28, OS disc disorganization and accumulation of extracellular debris was seen ( Figure 3 ). At these stages, no changes in axoneme length were observed. At PN31 the outer-segments were disorganized and they appeared to have lost the connection with the axoneme and the inner segment of the photoreceptor cell ( Figure 3 ). Based on these results, further studies were performed on mice up to PN28.
Depletion of IFT172 leads to mislocalization of Rp1 and Ift139
Disruption of the outer-segment structure led us to investigate the localization of the axoneme-associated proteins RP1 and acetylated tubulin (acTub) (33) . AcTub showed no differences in localization between the mutant and the control retinas up to PN28. RP1 staining, however, showed shortening of the signal relative to acTub at PN28 in mutant mice compared with the controls ( Figure 4A ), and it was observed to mislocalize to the synaptic terminals ( Figure 4B ).
Since IFT172 is thought to be involved in the switching between the anterograde and retrograde transport, mislocalization of the IFT components is expected. For example, before the complete cessation of IFT, accumulation of the IFT particles at the tip of the cilium would be likely, as seen in Chlamydomonas (24, 25) . We therefore tested localization of two components of the retrograde IFT (IFT43 and IFT139) and a Bbsome protein (Bbs9). Of these three, only IFT139 showed mislocalization at the synaptic terminals of rods, however no changes in location at the axoneme were seen ( Figure 4B , Supplementary Figure 2 ). Localization of four different outer-segment proteins was investigated: two phototransduction proteins dependent on IFT (rhodopsin (Rho) and guanylate cyclase-1 (Gc-1)) (34-36), one protein supporting disk structure (peripherin (Prph2))(37) and one phototransduction protein independent of IFT (transducin) (38, 39) . Early signs of RHO mislocalization became apparent at PN21 and PN25, where the protein was detected around the nuclei. This pattern became stronger at PN28 ( Figure 5 ). Depletion of IFT172, however, had no visible effect on localization of GC-1 and PRPH2 ( Figure 5 ).
Mislocalization of photoreceptor outer segment proteins in
Localization of transducin in rods is light dependent, where in the darkness, transducin is predominantly present in the outer-segments and upon bright light stimulation it is translocated to the inner-segment (40, 41) . This light-driven translocation is an adaptation of rods to be able to respond to different light conditions and it is widely believed to occur by diffusion (38, 39, (42) (43) (44) Figure 6D ). Quantification of the relative fluorescence signal in the outer-segments compared to the total fluorescence of the retina, revealed that the Gα t content in outer-segment is lower in the mutant mice compared to the controls by 36.3% (p=0.0003) ( Figure 6E ).
IFT172 deficient mouse retinas show early mislocalization of hedgehog signaling pathway protein Gli1
Primary cilia that modulate developmental signaling events, such as Hedgehog (Hh) signaling and all three hedgehog signaling proteins (Sonic, Desert, and Indian), have been shown to be expressed by the retinal ganglion cells or the retinal pigment epithelium in the developing and adult murine eye (45) . Moreover, depletion of IFT172 has been shown to affect expression of Hh components in the developing brain (28) . We therefore investigated the role of Hh signaling in the degenerating photoreceptors due to abnormal IFT. Using immunofluorescence analyses, we investigated the localization of smoothened 
DISCUSSION
We have generated a murine model of retinal degeneration due to mutations in IFT172, a gene previously implicated in a syndromic and a non-syndromic retinal degeneration (10, 11, 21) . Since general disruption of Ift172 is embryonic lethal (27, 28) , we used post-natal Cre-mediated excision of exons 2 and 3 in rods. Cre recombinase under control of the Rho promoter (iCre) showed increasing expression through to PN25, which led to undetectable levels of the IFT172 protein by PN28. Of note, the iCre recombinase expression was observed later than previously reported (32) , which may be due to a lower copy of the transgene caused by numerous mouse crosses and due to chromatin modifications that may affect the transgene expression timeline (48) (49) (50) .
The mutant Ift172 mice showed a rapid retinal degeneration with severely reduced retina thickness and ERG responses by one month and absent photoreceptor cells by two months. The first signs of photoreceptor outersegment shortening were seen before the complete IFT172 depletion, at PN25 and within six days, by PN31, the outer-segments were fully degenerated. The degeneration occurs therefore faster than the normal 10 day cycle of the outersegment regeneration in mice (51) . This indicates that shortening of the outersegments is not only due to the cessation of transport of the proteins necessary for the outer-segment regeneration, but implies an additional function of IFT in the photoreceptors.
Other selected outer-segment/cilia related proteins, such as RP1 and IFT139 showed mislocalization, which may indicate a general protein trafficking disturbance in the cell. RHO accumulation in the rod cell bodies of the mutant mice was first observed at PN21, before any visible signs of structural changes to the outer-segments. This was the first symptom of the failing IFT machinery that was observed in the Ift172 fl/fl iCre mice. RHO mislocalization has been reported in other murine models, where anterograde complex B (Ift88) and retrograde complex A (Ift140) genes were perturbed (35, 52) . The result obtained in this study adds further evidence supporting IFT's role in opsin transport.
Localization of two other outer-segment proteins, GC1 and PRPH2 was not altered in the mutant mice up to PN28 ( Figure 5 ). PRPH2, is a structural protein, necessary for the outer-segment disc rim formation (42) . Previous studies have indicated that PRPH2 and RHO utilize separate methods of transport to reach the outer segment, which is in agreement with our findings (37, 42, 53) . The lack of GC1 mislocalization was, however, surprising since it requires RHO for trafficking to the outer-segments (53) . One of the reasons for this result could be a low abundance of the GC1 protein and the low sensitivity of the immunohistochemical assay. Of note, GC1 accumulation was also absent in the rod cell bodies of the Rho -/retinas (53) .
Unexpectedly, decreasing levels of IFT172 affected light-driven translocation of alpha transducin at PN25. Specifically, transducin showed increased localization within the inner segment and around the photoreceptor nuclei after light adaptation ( Figure 6 ). It is thought that light-mediated translocation of transducin and the reciprocal translocation of arrestin occur via diffusion and thus are IFTindependent (38) (39) (40) (41) (42) (43) (44) . Therefore, it is not clear how perturbed IFT can alter protein diffusion through the transition zone. It is plausible that at the PN25 time point, the structure of the axoneme starts to disintegrate, forming a barrier against diffusion. A similar conclusion has been drawn from studies in mouse retinal explants, where drug-mediated disruption of actin filaments and microtubules led to impaired distribution of transducin and arrestin during the dark adaptation (54) . Involvement of cytoskeleton in light-mediated protein translocation was also observed in Xenopus laevis (55, 56) . Another possible explanation is that the transducin mislocalization observed in our model is secondary to the impaired trafficking of rhodopsin. Current evidence suggests that light activated rhodopsin and intact disc membranes are needed to act as "sinks" for arrestin/transducin transport (43, 57, 58) . Therefore it is plausible that perturbations in rhodopsin transport would lead to secondary mislocalization of transducin. The timeline of this theory also matches our findings of rhodopsin mislocalization at PN21, preceding transducin mislocalization detectable at PN25. After perfusion, each eye was enucleated and placed in 4% PFA in PBS overnight for post-fixation. After dehydration with graded ethanol solutions, the eyes were embedded in glycol methacrylate (GMA) (Technovit 7100, Heraeas Kulzer GmBH, Wehrheim, Germany) and 3µm thick sections were cut at the level of the optic nerve head (LKB Historange microtome). The sections were stained with hematoxylin and eosin and imaged by bright field microscopy (Eclipse Ti, Nikon, Tokyo, Japan).
Numerous studies have shown the importance of ciliogenesis and IFT on Hh
Immunofluorescence:
The pups at ages PN18 to PN31 were sacrificed by CO 2 asphyxiation and the eyes were enucleated. Since many of the cilia antibodies are incompatible with tissue fixation, one eye was fresh frozen and one fixed. For the non-fixed tissue, the eye was immediately embedded (OCT reagent, Tissue-Tek, Fisher Scientific, USA) within molds and snap-frozen using 200 proof ethanol over dry ice. For the fixed tissues, the cornea and the lens were dissected and the eyes were placed in 4% paraformaldehyde (PFA) for 1 hour post-fixation, and the eyecups were cryopreserved (30% sucrose in phosphate buffered saline buffer (PBS), overnight at 4°C) (Sigma-Aldrich, USA) and embedded (OCT reagent). The eyes were cryosectioned into 10 µm slices and then processed using the following procedure: blocking and permeabilization (0.05% Triton X100, 1% Bovine Serium Albumin (BSA) in PBS, 1 hour at RT); primary antibody staining (dilutions listed below, 0.3% Triton X100 in PBS, overnight at 4°C); incubation of the secondary antibodies conjugated with a fluorophore (Alexa Fluor 488, AlexaFluor 555, and AlexaFluor 647) (ThermoFisher, Waltham, MA, USA) (1:500 dilution, 0.3% Triton X100 in PBS, 2 hours at RT). The nuclei were counterstained with Hoechst after the secondary antibody incubation (1:1000 dilution in PBS for 15 minutes at RT). In between the steps the retina sections were washed four times with PBS. The slides were mounted with coverslips with Fluoromount medium (Electron Microscopy Sciences, Hatfield, PA, USA). The images were acquired in a sequential manner, with pictures taken every 0.5µm in the z-plane using confocal microscopy (SP5, Leica Microsystems, USA). Figure 5 images were taken with a fluorescent microscope (Eclipse Ti, Nikon, Tokyo, Japan).
Primary antibodies used on 4% PFA fixed tissues were: mouse-anti-Cre (1:500, Millipore, MAB3120); mouse-anti-Rhodopsin (1:1000, Millipore, MAB5356); mouse-anti-Transducin (1:100, BD BioSciences, 610589). Primary antibodies used on nonfixed tissue after brief postfixation on the slide (1% PFA in PBS for 15 minutes prior to staining) were: guinea pig-anti-GLI2 (1:1000, kind gift from Dr. 
Transducin Translocation experiment
In this experiment, the mice were distributed in 2 different groups. For each group, three Ift172 fl/fl iCre mice and littermate Ift172 fl/fl control mice were used. Group 1: The mice were dark-adapted overnight, euthanized in darkness with CO 2 and their eyes were enucleated under dark conditions, fixed in (4% PFA in PBS) and prepared for cryosectioning as described in previous section. Group 2:
The pupils of mice were dilated as described above in ERG section, and mice were exposed to saturating light conditions (1400lux) for 20 min. CO 2 was used to euthanize the mice, and their eyes were enucleated and prepared from dryosectioning as before. The eyes from different conditions were sectioned in one block and they were immonolabeled with mouse-anti-Transducin antibody (1:100, BD BioSciences, 610589) on the same slide. The images were taken with confocal microscopy (SP5, Leica Microsystems, USA). Image J software was used to analyse signal intensities, where signal form the OS was divided by the total signal form the whole retina. The analysis conditions were kept exact for test and control mice. Two-way ANOVA and a post-hoc multiple t-test with Bonferroni-Sidak correction were used for statistical analysis (Graphpad, Prism 7 software). 
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